Abstract. In heavy-ion collisions, formation time of hadrons of high transverse momentum can play a pivotal role in determining the perturbative dynamics of the nal-state parton and particle system. We present methods to evaluate the formation times of light hadrons, hadronic resonances, open heavy avor and quarkonia. Experimental implications of the short formation times of heavy particles are discussed in light of recent RHIC and LHC data.
Introduction
The discussion of particle formation and nal-state dynamics in heavy-ion collisions, presented in this paper, follows ideas outlined in Refs. [1] [2] [3] [4] . In contrast to proton-proton (p+p) and proton-nucleus (p+A) reactions, in collisions of heavy nuclei (A+A) a strongly-interacting partonic medium of transverse size ∼ 2R A , where R A is the nuclear radius, is created. The formation time of high-p T particles, which is determined by the particle production mechanism, must then be taken into account in simulations of in-medium interactions that modify the differential hard production cross sections and related hadron characteristics. Such effects are re ected, for example, in the nuclear modi cation ratio de ned as follows:
In Eq. (1), σ AB refers to the production cross-section in collisions between two heavy ions A and B, σ pp refers to the cross-section in collisions between two protons and N AB bin. refers to the number of binary nucleon-nucleon collisions in an A+B reaction.
Let us start our discussion on the example of light hadrons or open heavy avor, produced via parton fragmentation. If a parton of non-zero mass m Q fragments into a massive hadron m h and a secondary light parton,
In Eq. (2), p + is the large light cone momentum of the parton, z is the light cone momentum fraction taken by the hadron and |k| ∼ Λ QCD ∼ 200 MeV is the deviation from collinearity. We can estimate from the uncertainty principle for the variable conjugate to the non-conserved light cone momentum component With Δy + = τ form + Δz the formation time reads:
Clearly, the higher the energy, or p T , and the lighter the hadron -the better the perturbative treatment of partonic energy loss in the quark-gluon plasma (QGP) prior to hadronization will be. For a p T = 10 GeV pion at mid-rapidity τ form ≈ 20 fm L QGP T 2R A , consistent with the jet quenching assumptions and the robust description of the nuclear modi cation factor R AA (p T ) versus √ s NN , A and centrality [5, 6] . A more detailed p T dependence of τ form , averaged over the momentum fraction z distribution P(z), for pions and kaons is shown in the left panel of Fig. 1 .
In the following sections we will discuss examples when
Hadronic resonances
Hadronic resonances are argued to play a central role in providing experimental evidence for partial chiral symmetry restoration in the decon ned quark-gluon phase produced in heavy ion collisions. Their lifetimes, which are comparable to the lifetime of the partonic plasma phase, make them a valuable tool to study medium modi cations to the resonant state due to the chiral transition. The heavier, but still abundant, light and strange quark resonances K * , φ, Δ and Λ * have a large probability to be produced well within the plasma phase due to their short formation times [2] .
Results for the mean formation time of hadronic resonances as a function of their p T , compared to the estimated lifetime of the plasma at RHIC, are given in the left panel Figure 1 . We note that at xed transverse momentum τ form is controlled primarily by the particle mass. At higher p T there is a systematic bias toward larger mean values of z but these only affect the formation time of the lightest particles, such as π and K. We studied the validity of our assumption that we can get guidance for the formation times of resonant particles from the known P(z) momentum fraction distributions for π, K, p, and Λ, shown in the insert of the gure for p T = 8 GeV at RHIC. τ form for the φ meson was evaluated 00018-p.2 with all available momentum fraction distributions and the uncertainty, presented in left panel of Fig 1 is not signi cant. In the perturbative regime, p T > few GeV light hadron production takes place largely at times that exceed the QGP lifetime and the observed nuclear modi cation is dominated by inelastic interactions of the parent parton [6] . Heavy particles, however, tend to be produced inside the plasma and would undergo broadening or dissociation. Depending on their p T range, K * , φ, Δ and Λ are ideally suited to probe the early stages of the collision when the medium is hot and dense. Only high momentum resonances (p T > 2 GeV/c) from the perturbative regime are considered, because low momentum bulk resonances from a thermal QGP phase will be formed later and are more likely, according to UrQMD simulation, to undergo large rescattering in the hadronic medium.
Triggering on a strongly interacting particle biases the partonic hard scattering toward the surface of the reball and is an effective way of ensuring that the away-side resonance must traverse a medium of larger spatial extent, as shown in Fig. 2 . The larger the trigger p T , the more effective this technique is expected to be. The possibility of observing chiral symmetry restoration effects also depends on the resonance decay time of heavy resonances. Given their small vacuum decay widths, Γ(K * ) = 50.8 MeV, Γ(φ) = 4.26 MeV, Γ(Δ) ≈ 120 MeV and Γ(Λ * ) = 15.6 MeV, for observation of any effect of partial chiral symmetry restoration a self-consistent reduction in their lifetime, related to the width broadening, is critical. Otherwise, even if the the partonic medium is radially co-moving with velocity as large as v T 0.7c, it is likely that high momentum resonances with moderate in-vacuum lifetime (e.g. K*, Λ*) will have their decay point boosted outside of the medium . This set the constraint that the medium-modi ed lifetime of the resonance can not exceed a few fm/c. Several model have been used [7] to calculate the broadening of the in-medium spectral functions and, although these calculations are based on interactions in a dense hadronic medium, parton-hadron duality can hopefully allow generalize the results to a partonic medium. It has been argued [7] , on the example of the φ meson, that at T = 250 MeV the shortening of the in-vacuum lifetime can be as large as a factor of ten.
The brief discussion of experimental results is limited to heavy ion collisions at RHIC and LHC. At present, experimental results suggest that there are no mass shifts or width broadening beyond the detector resolution and systematics for both inclusive and hadron-tagged φ and K 0 * in Pb+Pb collisions in ALICE [8] . Similarly, the STAR collaboration at RHIC has studied resonance production in Au+Au and Cu+Cu production [9, 10] . ρ 0 , φ, Σ * , Λ * . While a clear modi cation of the φ cross section is observed by the PHENIX collaboration, there is no modi cation of the mass and width of hadronic resonances.
Open heavy avor
The formation time evaluation discussion, presented in Eq. (2) . Therefore, at the nite p T range accessible at RHIC and LHC a conceptually different approach to the description of D-and B-meson quenching in A+A collisions is required, when compared to light hadrons.
By considering the propagation and interaction of a heavy-light quark-antiquark system in the QGP, we can evaluate the mean dissociation rate τ diss (p T , t) [1, 3] of open heavy avor mesons as a function of transverse momentum and time. Employing the calculated formation and dissociation rates, the concurrent processes of c and b quark fragmentation and D and B meson dissociation are described by the following set of rate equations:
00018-p. 4 Here, f t) ) is the differential cross section to nd a quark Q (hadron H) with a xed rapidity y and transverse momentum p T , at time t. We have suppressed the rapidity dependence for clarity of notation. In Eqs. (5) and (6) φ Q/H (x) is the distribution of the heavy quark Q inside the heavy meson H and D H/Q (z) is the fragmentation function of the heavy quark Q into the heavy meson H. Note that the reason for which the asymptotic t → ∞ solution will exhibit suppression of the cross sections is that both fragmentation and dissociation processes emulate energy loss by shifting the quarks/hadrons to lower momenta. Partonic energy loss can be incorporated in the form of quenched initial conditions f (5) and (6), still play the dominant role.
Our theoretical results, presented in the left panel of Fig. 3 , are relevant to the future vertex detector upgrades at RHIC that will ensure direct and separate measurements of the D and B mesons. The STAR collaboration, however, has already made progress in identifying the contribution of B mesons to the non-photonic electron spectrum [14] . Combined with the earlier e + + e − suppression measurements, this implies signi cant attenuation of B meson production at transverse momenta as low as 5 GeV. This is one of the main predictions of the approach developed in [1, 3] quenching results from PHENIX [12] and STAR [13] we use ξ = 3 − 5, approximately 50% larger than in our previous study [1] but still compatible with the enhancement of the parton broadening that comes from the power-law momentum transfer tails of the in-medium Moliere scattering. In Cu+Cu reactions at RHIC the heavy meson dissociation mechanism provides a good description of the nonphotonic lepton suppression at mid [16] and forward rapidities [17] .
Quarkonia
The study of hadron formation times has recently been extended to quarkonia [4] . To evaluate the baseline J/ψ, Υ, · · · production cross section we used lowest order (LO) non-relativistic quantum chromodynamics (NRQCD). While more sophisticated approaches that incorporate higher order corrections and resummation of large logarithms exist, LO NRQCD gives an adequate description of the baseline quarkonium cross section to study nuclear effects. The approach to estimating the formation time of quarkonium states differs considerably from the approach used for open heavy avor [3] or light particles [2] that come from the fragmentation of a hard parton. In the latter case the formation time is inversely proportional to the virtuality of the parton decay and is governed by longitudinal dynamics. For quarkonia, the QQ state is prepared instantly We compare the theoretical results to the CMS R AA measurement [19] .
the heavy quarks in the meson and a typical upper limit of the meson formation time can be evaluated as follows:
where the typical momenta of heavy quarks inside the quarkonium states κ, the sizes of these stares a can be obtained by solving the non-relativistic Schroedinger equation.
In this paper we are interested in high transverse momentum mesons, in which case there is a boost in the direction of propagation and, consequently, time dilation
For example, for the relevant formation time determined by the expansion of the QQ state in a direction transverse to the direction of propagation the transverse size remains the same when boosted back to the laboratory frame but the velocity transforms by picking up a factor of 1/γ. Note that in Eq. (8) |p| = p T since in this paper we work at mid-rapidity. The masses of the quarkonium states are denoted by M and γ is the meson boost factor. Since the formation process is non-perturbative and can not be modeled accurately, the values of t form obtained from Eq. 8 should be considered as an estimate of the upper bound. Therefore, in addition to calculating the nal yields for t form = t fmax = γa β Q , we also calculate the yields for t form = t fmin = γa 2β Q and the variation gives us an estimate of the uncertainty due to the uncertainty in the formation time. This does not change our results qualitatively.
Cold nuclear matter effects on high-p T J/ψ and Υ production have been discussed in [4] . Here, we are interested in A+A reactions and neglect the Cronin effect but include initial-state cold nuclear matter energy loss and shadowing. Let us consider the nuclear modi cation factor for J/ψ mesons. From the left panel of Fig. 4 we see that the measurement of R AA in RHIC Au+Au collisions [18] shows a suppression factor of about 0.6 at p T ∼ 6 GeV. Even including the uncertainty in our model parameters, we obtain a somewhat higher suppression (for p T ∼ 6 GeV, R AA ∼ 0.35 − 0.45 for Au+Au, than the one currently observed at RHIC. In Fig. 4 , our results for the prompt yields of J/ψ mesons are marked by upper and lower yellow bands corresponding to the upper (t max form. ) and lower (t form. min = t max form. /2) limits of our formation time estimate respectively. The bands themselves correspond to our estimate of the uncertainly in the sets of parameters that determine the coupling of the heavy quarks with the in-medium partons [g = 1.85, ξ = 2 (minimum considered coupling gives the upper limit of the yellow band) and g = 2, ξ = 3 (maximum considered coupling for the lower limit of the yellow band)]. The pronounced effect of the variation of the formation time can be intuitively seen as follows. The dissociation mechanism is operative only when the number of quarkonia is substantial, i.e. after t form. . Since the upper limit for formation time of quarkonia can be on the order of several fm/c, the density of the medium at t max form. is reduced considerably due to Bjorken expansion, giving weaker dissociation and smaller suppression. This effect is more pronounced than the details of the coupling of heavy quarks to the in-medium partons. The RHIC experiments report suppression for the inclusive J/ψ yield. For direct comparisons, we also show the R AA for the inclusive yields in the left panel of Fig. 4 with dashed lines. The B−meson yields for p+p and A+A collisions were taken from [3] .
We now turn to J/ψ production and modi cation at the LHC. In our formalism, we have approximated the quarkonium wavefunction by the vacuum wavefunction, which is valid if the thermal effects on the quarkonium wavefunctions are small. A higher suppression at LHC in comparison to the one predicted by our model could be the evidence for thermalization effects at the level of the quarkonium wavefunction. We leave a more detailed analysis of thermal effects on the wavefunctions for future work. Nevertheless, it is important to identify at what centrality the discrepancy between the present theoretical model predictions and the data may appear. In the right panel of Fig. 4 we show the p T -averaged suppression, R AA (N part ) = p min. dp T R AA (p T ; N part ) dσ dydp T p min. dp T dσ dydp T ,
of J/ψ mesons versus centrality. A comparison to the CMS data [19] is shown in the right panel. The deviation between data and theory only appears for N part > 200.
